Abstract: Alzheimer's disease (AD) is a fatal neurodegenerative disease which is on the rise worldwide. Despite a wealth of information, genetic factors contributing to the emergence of AD still remain incompletely understood. Sporadic AD is polygenetic in nature and is associated with various environmental risks. Epigenetic mechanisms are well-recognized in the mediation of gene environment interactions, and analysis of epigenetic changes at the genome scale can offer new insights into the relationship between brain epigenomes and AD. In fact, recent epigenome-wide association studies (EWAS) indicate that changes in DNA methylation are an early event preceding clinical manifestation and are tightly associated with AD neuropathology. Further, candidate genes from EWAS interact with those from genome-wide association studies (GWAS) that can undergo epigenetic changes in their upstream gene regulatory elements. Functionally, AD-associated DNA methylation changes partially influence transcription of candidate genes involved in pathways relevant to AD. The timing of epigenomic changes in AD together with the genes affected indicate a critical role, however, further mechanistic insight is required to corroborate this hypothesis. In this respect, recent advances in neuronal reprogramming of patient-derived cells combined with new genome-editing techniques offer unprecedented opportunities to dissect the functional and mechanistic role of epigenomic changes in AD.
Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disease leading to fatal dementia and death [1] . Currently, there is no established treatment that efficiently delays the onset or progression of AD [2] . The prevalence of dementia in subjects 60 years and older is approximately 5-8% in the general population, with Alzheimer's disease (AD) accounting for two-thirds of cases [3] . Other common causes of dementia include cerebrovascular disease, Lewy body formation, and frontotemporal dementia. Worldwide, 47.5 million people suffer from dementia, with 7.7 million new cases diagnosed every year, and the total number of people with dementia is projected to be 75.6 million in 2030 and almost triple the current number by 2050 at 135.5 million [3] . This development largely reflects an increase in life expectancy and a decline in fertility over the past century; a demographic trend that will continue throughout the 21st century with similar trends anticipated for developing countries in the latter half of this century.
AD manifests three cardinal symptoms. Firstly, there is cognitive dysfunction characterized by memory loss, language difficulties, executive dysfunction (i.e., decline of intellectual coordination skills, problem-solving abilities, and higher level planning), and disorientation. Memory loss is common, and in most cases the first symptoms, due to their insidious but relentless onset, are often
The Genetic Architecture of AD
AD can be subdivided into two major categories; Mendelian AD and sporadic AD, each exhibiting a characteristic clinical course. Mendelian forms of AD typically show an early onset with heritability estimates of 92-100% and account for less than 1% of the disease [26] . Causal, rare autosomal dominant mutations in the amyloid beta precursor protein (APP), and presilin 1 (PSEN1), and 2 (PSEN2) lead to early-onset familial Alzheimer's disease [27] , in support of the amyloid cascade hypothesis [12] . Since these genes show large effect sizes, they can be detected by conventional candidate gene association and genome-wide linkage studies.
In contrast, the more common late-onset form of AD (termed LOAD) develops in individuals over 65 years and is genetically complex, with 56-79% heritability as inferred from a large twin study that also indicates a crucial role of familial factors [25] . Different approaches ranging from genetic epidemiology and segregation analysis to candidate gene associations, genome-wide linkage and GWAS have been applied to elucidate the genetics of LOAD. Overall, these studies support a role of both rare and common risk variants in AD, which show different prevalence and confer varying degrees of risks for disease development. Since the early 1990s, candidate association studies have pointed to a role of apolipoprotein E (APOE) as a rare susceptibility gene for LOAD with an unusually large effect size (p ≤ 1 × 10 −295 ) [28, 29] . The APOE locus comprises three allelic variants (ApoE ε2, between genetic and environmental factors mediated by epigenetic mechanisms [40] . Consequently, for any human complex disease the extent of interindividual phenotypic variation is unknown and can be only determined by large-scale, systematic epigenome-wide associations studies (EWAS). Through this approach, EWAS represents the equivalent to GWAS.
EWAS are thought to identify new regulatory mechanisms at the population scale that are sensitive to environmental and lifestyle factors underlying susceptibility to disease. The full range of epigenetic marks is still uncharted but certainly vast considering that the human epigenome comprises >10 8 cytosine nucleotide bases of which >10 7 are CpGs (see Section 4) and >10 8 histone tails that carry multifaceted posttranslational modifications. The best studied epigenetic mark is DNA methylation (see Sections 4 and 5) , whereby variation at a single CpG site corresponds to an epigenetic equivalent of a SNP [41] . This view needs to be cautioned, however, in light of the dynamic nature of epigenetic signatures that are modifiable throughout life course, even in postmitotic neuronal cells (see Section 4), and make the design and interpretation of EWAS conceptually different from GWAS.
At the single molecule level, DNA methylation is a binary mark, whereas thousands of DNA copies are averaged in measurement at the tissue level and are reported as the percentage of cells that are methylated at any given CpG site. Accordingly, DNA methylation levels are continuous when measured across a large number of cells as opposed to the categorical nature of genotype information and differences in mean methylation rate between cases and controls provide a common summary of effect size. Genetic variants that affect the variability of DNA methylation, rather than the mean DNA methylation, cannot be assessed by bulk tissue preparations [42] .
A Multifaceted Brain Methylome

Canonical DNA Methylation
Methylation of cytosines has been commonly analyzed in the context of cytosine-guanine dinucleotides (CG) and ≈80% of all CGs in the human brain are methylated similarly to other tissues [43] . In the mammalian brain, mCG exists in neural and glial cells from prenatal life to old age [44] (Figure 1 ), is broadly distributed across various brain regions and the genome [44] [45] [46] [47] , and guides cell differentiation and identity [21] . De novo DNA methyltransferases (DNMTs) comprise DNMT3A and DNMT3B which catalyze mCG and once established, this mark is maintained by DNMT1 following genome replication. Interestingly, both DNMT1 and DNMT3a are required for synaptic plasticity, learning, and memory through their overlapping roles in maintaining DNA methylation and modulating neuronal gene expression in adult hippocampal neurons [48] . for any human complex disease the extent of interindividual phenotypic variation is unknown and can be only determined by large-scale, systematic epigenome-wide associations studies (EWAS). Through this approach, EWAS represents the equivalent to GWAS. EWAS are thought to identify new regulatory mechanisms at the population scale that are sensitive to environmental and lifestyle factors underlying susceptibility to disease. The full range of epigenetic marks is still uncharted but certainly vast considering that the human epigenome comprises >10 8 cytosine nucleotide bases of which >10 7 are CpGs (see Section 4) and >10 8 histone tails that carry multifaceted posttranslational modifications. The best studied epigenetic mark is DNA methylation (see Sections 4 and 5) , whereby variation at a single CpG site corresponds to an epigenetic equivalent of a SNP [41] . This view needs to be cautioned, however, in light of the dynamic nature of epigenetic signatures that are modifiable throughout life course, even in postmitotic neuronal cells (see Section 4), and make the design and interpretation of EWAS conceptually different from GWAS.
A Multifaceted Brain Methylome
Canonical DNA Methylation
Methylation of cytosines has been commonly analyzed in the context of cytosine-guanine dinucleotides (CG) and ≈80% of all CGs in the human brain are methylated similarly to other tissues [43] . In the mammalian brain, mCG exists in neural and glial cells from prenatal life to old age [44] (Figure 1 ), is broadly distributed across various brain regions and the genome [44] [45] [46] [47] , and guides cell differentiation and identity [21] . De novo DNA methyltransferases (DNMTs) comprise DNMT3A and DNMT3B which catalyze mCG and once established, this mark is maintained by DNMT1 following genome replication. Interestingly, both DNMT1 and DNMT3a are required for synaptic plasticity, learning, and memory through their overlapping roles in maintaining DNA methylation and modulating neuronal gene expression in adult hippocampal neurons [48] . CGs are usually depleted in the genome and cluster in regions called CG islands (CGIs), of which less than half are located at human promoters and stay methylation-free [49, 50] . Inactive promoter CGIs frequently recruit Polycomb complexes that impose repressive chromatin marks. Only few promoter CGIs undergo DNA methylation, which is associated with a closed, transcriptionally inactive, chromatin state [51, 52] . Instead, predominantly promoters devoid of CGIs are regulated by DNA methylation [53] . In this regard, the conventional view that CpG methylation confers an all-purpose repressive mark needs to be re-considered in light of recent reports that gene body methylation frequently occurs at ubiquitously expressed genes where it enhances prolongation efficiency, inhibits spurious transcription initiation, and positively correlates with gene expression [49] . Additionally, the effects of DNA methylation depend on genomic location, pre-existing transcriptional activity, and a primary sequence that jointly regulate gene repression and activation.
The advent of high-throughput sequencing of sodium bisulfite-converted DNA has paved the way to map CG methylation at the genome-scale and to identify the exact sites, sequence context, and levels of DNA methylation with unprecedented accuracy. At the same time, this progress has also evidenced the unique properties of the human brain methylome when compared to peripheral tissues. First, non-canonical DNA methylation in the CH context (mCH, where H = A, C, or T) has been detected in both neural and glial cells [44, 46, 47, 54] as well as in embryonic stem cells but is much less present in peripheral differentiated tissues [51, 55] . Second, brain cells contain a sizeable amount of 5-hydroxymethlatin (5hmC) [51, 56] .
Non-CG Methylation
mCH is largely absent in most tissue of the human body and has so far been only detected in human pluripotent stem cells and adult brain tissue with high abundance [51, 57] . In the fetal and early-infant brain methylome mCH is also absent, but rapidly increases postnatally and over the first 2 years of life ( Figure 1 ). This period is characterized by extensive synaptogenesis and synaptic pruning that shape neural network formation and remodeling. Part of these processes may be regulated by mCG that gradually accumulates to the level of canonical DNA methylation by adulthood and accounts then for more than half of all neuronal methylcytosines.
Knockdown of DNMT3A and DNMT3B in human embryonic stem cells (ESCs) results in a global decline of mCG [57] . Consistent with this result, conditional neuronal knockout of all three Dnmts or of Dnmt3a alone reduces mCH [45, 46] . Collectively, these findings support that canonical and non-canonical DNA methylation share the same catalytic mechanism for de novo DNA methylation though, puzzlingly, a mechanism(s) for faithful duplication of mCH patterns during cell division, similar to Dnmt1-catalyzed CG methylation, remains still to be identified.
Both mCG and mCH strongly anti-correlate with gene expression, pointing to an inhibitory role. Glial genomes contain only ≈10-20% of neuronal mCG, whereby mCH hypermethylation within gene bodies associates with repressed genes that are specifically expressed in neuronal cells. In turn, the same genes show mCH hypomethylation in a neuronal context corroborating a cell type-specific role for mCH in gene repression.
In neuronal and glial cells, mCH prevails at CAC positions as opposed to the preferred CAG context in various pluripotent cell types [57, 58] . A key question arising from these findings is whether mCH is differentially abundant across brain cell types and represents a substrate for functional epigenomic changes in mental and neurodegenerative diseases.
Hydroxymethylcytosine
A second unique feature of the brain methylome is the high enrichment of 5-hydroxymethylcytosine (5hmC) that particularly prevails in cerebellar Pukinje cells, where it reaches ≈40% of mCG levels [56, 59] . Similarly to mCH, 5hmC gradually accumulates in various brain regions during development [60] . More recently, the discovery of a specific pathway for active demethylation via iterative oxidation has raised new interest in this type of cytosine modification. Specifically, the family of ten-eleven translocation enzymes has been shown to catalyze the conversion of mCG to 5hmC and further oxidation coupled with mechanisms such as DNA glycosylase-initiated base-excision can restore the final product into unmodified cytosine [61] . Functionally, recent findings suggest for DNA methylation a more dynamic role than originally thought and indicate that in mature neurons 5hmC could be a transient, intermediate state that is eliminated in a temporally and spatially highly constrained manner in small regions of the genome harboring regulatory function [62] [63] [64] [65] . Independent from demethylation, neuronal 5hmC could also represent a stable mark associated with the loss of repressive chromatin structure characteristic of Polycomb-mediated repression [66] .
Concluding, it is important to note that dynamic changes in DNA methylation in postmitotic neural cells can offer a mechanistic basis for the interaction of environmental and societal risk factors with the genetic blueprint and the subsequent development of disease. Defined exposures can trigger neuronal activation that directly couples to the epigenetic machinery or, more commonly, to transcriptional regulators that subsequently recruit the epigenetic machinery. Such neuronal activity-dependent factors can impose local and genome-wide long-lasting marks that persist beyond the initial stimulus and lead to changes in gene expression patterns pertinent to higher (cognition, emotion, and mood) and basic (neuronal survival, synapse formation, and neural connectivity) brain functions [67] [68] [69] .
Epigenomics Landscapes in Alzheimer's Disease
Two recent large-scale EWAS [70, 71] provide new insight into epigenomic changes in AD and their relation with GWAS risk genes using Infinium ® HumanMethylation450 BeadChip arrays (Illumina, Inc., San Diego, USA; hereafter referred to as 450K beadchip array).
De Jager et al. investigated CG methylation in the gray matter from dorsolateral prefrontal cortices (PFC) dissected from 708 subjects at the time of death [70] . Donors originated from two prospective cohort studies of aging representing a random selection of the older population. While non-impaired at study entry, some subjects declined cognitively over time and showed several signs of amyloid pathology at the time of death, with ≈61% fulfilling the diagnostic criteria for AD.
Adopting a three-stage strategy, De Jager et al. first correlated methylome analysis with AD pathology. Second, significant CG methylation changes were assessed in an independent replication study. Third, the role of replicated CG methylation changes for gene expression was assessed by RNA measurements in an independent case-control design (Figure 2 ).
In the discovery study, methylation levels of 137 autosomal CpGs significantly correlated (p < 1.20 × 10 −7 ) with quantitative measurements of neuritic amyloid plaques (NP), a hallmark of AD neuropathology [70] . Following secondary analysis 71 CpGs remained significant, which mapped to 60 distinct differentially methylated regions (DMRs) throughout the genome (Figure 2) . Importantly, each of these 71 CpGs accounted for 5% (range = 3.7-9.7%) of the variance in NP burden and exceeded the proportion of variance accounted for by present GWAS risk variants in AD exempt APOE. Taken together, all known AD risk variants including APOE explained 13.9% of the variance in NP burden as opposed to 28.7% explained by the aggregate effect of all 71 CpGs. This result suggests that CpG methylation levels at defined genomic regions correlate with each other and are a key feature of AD neuropathology [70] .
Interestingly, two of the AD-associated CpGs mapped to known GWAS risk loci (Figure 2 ), namely BIN1 and ABCA7 (see Section 2). At BIN1, the CpG is located 5 kb from the 5' end and 92 kb from the tag SNP, of which neither influenced CpG methylation nor the effect size of the NP association. In contrast, the tag SNP of ABCA7 associated with NP burden but not with the extent of CpG methylation. Together, these findings suggest that AD risk may be influenced by genetic and epigenetic variation contributing independently of each other to disease [70] .
De Jager et al. further assessed the relevance of NP-associated CpGs for a postmortem neuropathological diagnosis of AD. Among 71 NP-associated CpGs, 22 also associated with a diagnosis of AD at a genome-wide level of significance ( Figure 2 ) and 18 showed higher levels of DNA methylation in AD patients, suggesting a pathogenic role of AD-associated CpGs.
The 71 significantly associated CpGs were further tested in an independent replication cohort of 117 subjects diagnosed AD by postmortem Braak staging (Figure 2 ). This quantitative measure of AD pathology reflects the presence of neurofibrillary tangles (NF) across distinct brain areas comprising the transentorhinal and limbic regions, the hippocampus, and the neocortex. Methylation profiling of PFC samples with the 450K beadchip array revealed that 12 CpGs were significantly associated with AD among which two were detected in the same DMR near RHBDF2 (see also below) as in the discovery sample. Moreover, when evaluating the entire set of 71 CpGs, many showed trends towards significance (including ABCA7 and BIN1), with similar effect sizes across the two studies, suggesting that with more samples they would also be validated. Collectively, these results support a robust association of selected CpGs with AD irrespectively of the neuropathological criteria applied in postmortem AD diagnosis [70] . De Jager et al. further assessed the relevance of NP-associated CpGs for a postmortem neuropathological diagnosis of AD. Among 71 NP-associated CpGs, 22 also associated with a diagnosis of AD at a genome-wide level of significance (Figure 2 ) and 18 showed higher levels of DNA methylation in AD patients, suggesting a pathogenic role of AD-associated CpGs.
The 71 significantly associated CpGs were further tested in an independent replication cohort of 117 subjects diagnosed AD by postmortem Braak staging (Figure 2 ). This quantitative measure of AD pathology reflects the presence of neurofibrillary tangles (NF) across distinct brain areas comprising the transentorhinal and limbic regions, the hippocampus, and the neocortex. Methylation profiling of PFC samples with the 450K beadchip array revealed that 12 CpGs were significantly associated with AD among which two were detected in the same DMR near RHBDF2 (see also below) as in the discovery sample. Moreover, when evaluating the entire set of 71 CpGs, many showed trends towards significance (including ABCA7 and BIN1), with similar effect sizes across the two studies, suggesting that with more samples they would also be validated. Collectively, these results support a robust association of selected CpGs with AD irrespectively of the neuropathological criteria applied in postmortem AD diagnosis [70] . [70] analyzed dorsolateral prefrontal cortices (PFC) from normal aged (light blue PFC) and AD (dark blue PFC) individuals. A total of 71 CpGs associated with neuritic amyloid plaque burden (NP). These ADassociated CpGs map to 60 differentially methylated regions (DMRs). Among the 71 NP-associated CpGs, two mapped to genome-wide association studies (GWAS) risk genes in AD and twenty-two were associated with a diagnosis of AD at the genome-wide level. In the replication study (B) comprising 171 AD PFC, 12 CpGs from the 71 NP-associated CpGs associated with neurofibrilliary tangles (NF), another primary pathology in AD. In a case-control study (C) comprising 202 AD versus 197 control PFCs, the role of these 12 CpGs was assessed for the expression of 23 neighboring genes. The 7 genes that were regulated by NP-associated CpGs additionally intersect with a susceptibility network consisting of GWAS risk genes and Mendelian genes in AD. [70] analyzed dorsolateral prefrontal cortices (PFC) from normal aged (light blue PFC) and AD (dark blue PFC) individuals. A total of 71 CpGs associated with neuritic amyloid plaque burden (NP). These AD-associated CpGs map to 60 differentially methylated regions (DMRs). Among the 71 NP-associated CpGs, two mapped to genome-wide association studies (GWAS) risk genes in AD and twenty-two were associated with a diagnosis of AD at the genome-wide level. In the replication study (B) comprising 171 AD PFC, 12 CpGs from the 71 NP-associated CpGs associated with neurofibrilliary tangles (NF), another primary pathology in AD. In a case-control study (C) comprising 202 AD versus 197 control PFCs, the role of these 12 CpGs was assessed for the expression of 23 neighboring genes. The 7 genes that were regulated by NP-associated CpGs additionally intersect with a susceptibility network consisting of GWAS risk genes and Mendelian genes in AD.
To discern between a potential role of epigenomic changes as cause or effect in AD, De Jager et al. limited NP analysis to those individuals free of cognitive impairment at the time of death. Interestingly, altered CpG methylation appeared to be an early sign of AD pathology that precedes overt manifestation and does not reflect secondary events along later disease stages. If this is the case, this result resembles findings from neuropathological and imaging studies showing that a large proportion of non-impaired, older individuals can accumulate asymptomatically amyloid pathology as an early sign of AD pathology [1] .
Lastly, to gain insight into potential transcriptional effects, AD-associated CpGs were traced by genome-wide mapping of histone modifications in two postmortem PFC samples collected from cognitively unimpaired individuals. The 71 CpGs were enriched in predicted weak enhancer regions or weakly transcribed regions concomitant to a depletion at strong promoter regions. Since the latter regions mostly drive fundamental cellular processes in neuronal and glial cells, this result suggests that AD-associated CpGs preferentially reside in weakly transcribed or even inactive regions in healthy aged brains.
Going beyond histones, the researchers next focused on the 12 CpGs validated in the replication study and measured levels of nearby gene expression in a 50-kb window on either side in an independent cohort of 202 AD and 197 control samples. Here, 7 of the 21 neighboring genes showed changes in messenger RNA (mRNA) expression in the PFC that significantly associated with AD ( Figure 2 ). These genes comprised ankyrin1 (ANK1, involved in compartmentalization of the neuronal plasma membrane [72] ), cadherin 23 (CDK23, an extracellular adhesion protein [73] ), disco-interacting protein 2 (DIP2A, a potential cell surface protein [74] ), inactive rhomboid protein 2 (RHBDF2, a pseudoprotease regulating receptor-kinase signaling [75] ), ribosomal protein L13 (RPL13, playing a role in ribosome assembly), and serine peptidase inhibitors 1 and 2 (SERPINF1 and SERPINF2, with a possible role in synaptic activity and behavior [76] ). Finally, protein-protein interaction network analysis showed that these seven differentially methylated genes connected to an AD susceptibility network derived from GWAS risk variants and Mendelian genes in AD. Taken together, these findings indicate that epigenetic and genetic changes may intersect in AD pathology.
In the second large-scale EWAS study carried out at the same time, Lunnon et al. [71] conducted a cross-tissue analysis of methylomic variation in postmortem AD brains from four independent cohorts using a sequential replication design.
In the discovery study, genomic DNA (London brain bank, n = 122) isolated from four brain regions comprising the entorhinal cortex (a primary site in AD), the superior temporal gyrus, the prefrontal cortex, and the cerebellum (a poorly affected site in AD) was assessed for CpG methylation using 450K beadchip arrays (Figure 3 ). Among the differentially methylated positions associated with NF burden (Braak staging) in the entorhinal cortex, two of the top-ranked and the four-ranked CpGs were located 91 bp away from each other at ANK1. The association between Braak staging and increased methylation at both top-ranked CpGs remained significant following correction for cellular heterogeneity and extended also to the superior temporal gyrus and the prefrontal cortex but not to the cerebellum, indicating that ANK1 hypermethylation associates with neuropathology. Importantly, about one-third of the 100 top-ranked differentially methylated CpGs in the entorhinal cortex were methylated in the same direction in the superior temporal gyrus and the prefrontal cortex, including those close to RHBFDF2, RPL13-C10orf54, and CDH23 that had been previously identified by De Jager et al. (Figure 3 ). Among these, ANK1, RPL3, and RHBFDF2 are biologically linked to PTK2B, a known AD-associated risk gene. In contrast, top-ranked CpGs in the cerebellum were not differentially methylated in cortical regions, whereas ≈15% of the top-ranked cortical CpGs were also differentially methylated in the cerebellum despite little AD neuropathology [71] . Findings on cross-tissue epigenomic changes in Alzheimer's disease (AD). Differentially methylated CpGs associated with neurofibrilliary tangle burden in the entorhinal cortex were shared by one-third with the superior temporal gyrus and prefrontal cortex, but only by ≈15% with the cerebellum, that is poorly affected in AD. Cross-tissue conserved CpGs comprised those mapping to ANK1, RPL1, CDH13, and RHBF2 previously identified by De Jager et al. [70] .
Notably, in the replication study (Mount Sinai brain bank, n = 144) Braak-associated DNA methylation scores for the 100 top-ranked cross-cortex differentially methylated CpGs from the discovery study were also strongly correlated with neuropathology-associated differences at the same probes, including the two top-ranked CpG sites at ANK1, and thus validated AD-associated CpGs from the discovery sample. To strengthen a role in AD, Lunnon et al. further assessed differential DNA methylation at eight CpGs straddling ANK1 by bisulfite-pyrosequencing in an independent cohort of matched cortical samples (Thomas Willis brain bank, n = 62). This experiment showed that average DNA methylation across this region was significantly elevated in cortical regions from diseased subjects in support of previous findings from De Jager et al. Prompted by this result, Lunnon et al. analyzed the role of AD-associated DNA methylation for isoform-specific ANK1 expression in the entorhinal cortex (n = 36) [71] . This experiment suggested a significant association between the abundance of ANK1 isoforms 5-7-10, but not 1-2-3-4-9, and AD-associated neuropathology.
Overall, Lunnon et al. showed robust cross-tissue differences in differentially methylated NFassociated CpGs in AD whereby methylomic changes faithfully mirrored known patterns of neuropathology. Well-fitting methylomic changes were most prevalent in the entorhinal cortex and may translate in altered transcription of weakly expressed genes in aged healthy brains. In support of this view, AD-associated cortex-specific hypermethylation at ANK1 led to altered gene expression patterns.
These findings have been recently strengthened by Watson et al. [77] , who analyzed superior temporal cortices samples from 34 AD patients and 34 controls by 450K beadchip arrays. Here, cell proportions were estimated based on a reference subset of neuronal and glial cells obtained from 59 adult individuals. Multiple statistically significant CpGs were clustered into DMRs using a 1-kb sliding window and exhibited concordant disease-associated changes in methylation. Of the top 100 CpGs reported by Lunnon et al., 22 were found to be differentially methylated with the same directional change in AD patients [71] . This extent of replication matches well the one initially reported by Lunnon et al. To increase power in this small-sized EWAS, concordant statistical signals from neighboring CpGs were leveraged generating 479 autosomal DMRs. The majority of these showed hypermethylation in AD cases compared to controls, whereby disease-associated average methylation differences were relatively modest in agreement with previous results [70, 71] . At the genome level, DMRs preferentially localized within genes driving brain-relevant transcription factors. Specifically, hypermethylated DMRs were enriched in poised promoters characterized by the simultaneous presence of H3K27me3 (histone 3 trimethylation of lysine 27, a repressive chromatin Differentially methylated CpGs associated with neurofibrilliary tangle burden in the entorhinal cortex were shared by one-third with the superior temporal gyrus and prefrontal cortex, but only by ≈15% with the cerebellum, that is poorly affected in AD. Cross-tissue conserved CpGs comprised those mapping to ANK1, RPL1, CDH13, and RHBF2 previously identified by De Jager et al. [70] .
Overall, Lunnon et al. showed robust cross-tissue differences in differentially methylated NF-associated CpGs in AD whereby methylomic changes faithfully mirrored known patterns of neuropathology. Well-fitting methylomic changes were most prevalent in the entorhinal cortex and may translate in altered transcription of weakly expressed genes in aged healthy brains. In support of this view, AD-associated cortex-specific hypermethylation at ANK1 led to altered gene expression patterns.
These findings have been recently strengthened by Watson et al. [77] , who analyzed superior temporal cortices samples from 34 AD patients and 34 controls by 450K beadchip arrays. Here, cell proportions were estimated based on a reference subset of neuronal and glial cells obtained from 59 adult individuals. Multiple statistically significant CpGs were clustered into DMRs using a 1-kb sliding window and exhibited concordant disease-associated changes in methylation. Of the top 100 CpGs reported by Lunnon et al., 22 were found to be differentially methylated with the same directional change in AD patients [71] . This extent of replication matches well the one initially reported by Lunnon et al. To increase power in this small-sized EWAS, concordant statistical signals from neighboring CpGs were leveraged generating 479 autosomal DMRs. The majority of these showed hypermethylation in AD cases compared to controls, whereby disease-associated average methylation differences were relatively modest in agreement with previous results [70, 71] . At the genome level, DMRs preferentially localized within genes driving brain-relevant transcription factors. Specifically, hypermethylated DMRs were enriched in poised promoters characterized by the simultaneous presence of H3K27me3 (histone 3 trimethylation of lysine 27, a repressive chromatin mark) and H3K4me3 (histone 3 trimethylation of lysine 4, an active chromatin mark). Such bivalent chromatin structures occur at regulatory regions driving expression of developmental genes with key roles in cellular differentiation and pluripotency [53, 78] .
Furthermore, poised promoters also preferentially contained CpGs that undergo hypermethylation with age [79, 80] . Interestingly, Watson et al. detected a strong bias for CpG hypermethylation among DMRs in AD and enrichment in age-associated methylation changes in control samples when compared to CpGs within hypomethylated DMRs [77] . Collectively, these findings highlight a potential interaction between disease-associated epigenetic alterations and aging in AD compatible with a continuous shift from normal ageing to dementia.
Lastly, a recent study has specifically explored a potential interaction between epigenomic changes and GWAS risk genes [81] . CpG methylation levels from the discovery sample by De Jager et al. were analyzed at 11 GWAS susceptibility gene regions contained on the 450K beadchip array and assessed for their association with NP formation. Interestingly, in the ABCA7, CD2AP, CLU, and MS4A6A risk loci, greater methylation of certain CpGs related to AD pathology appeared to reflect a single event, and developed prior to cognitive impairments and independent from genetic variation. Similarly, at the BIN1 locus, the CpG site with the strongest association was only partly influenced by the tag SNP. These results suggest that in some AD vulnerability loci factors acting through CpG methylation and SNPs operate independently of each other in the mediation of disease risk [81] . Moreover, the association of multiple, independent CpGs with NP in loci such as BIN1, CLU, and MS4A6A indicates that epigenomic changes in AD are not driven by a unifying mechanism such as a simple increase in NP burden but rather by different risk factors whose effects on pathology converge on different genomic sites or by different molecular processes mediating pathophysiology.
Overall, this study collaborates that epigenetic variation can apply to a substantial fraction of genetic risk variants in AD and mediate pathology independent from the underlying haplotype. If this is the case, different sources of variation-genetic and epigenomic-can converge in the brain of aging individuals and contribute to the accumulation of AD pathology.
Conclusions
Current evidence indicates that early epigenomic changes associated with neuropathological hallmarks of AD may precede clinical symptoms and influence the onset and development of AD. Following disease manifestation, a sizeable fraction of epigenomic changes is shared across brain tissues and targets genes that appear unlikely to be actively transcribed in healthy aged brains. Additionally, AD-associated epigenomic changes can extend to candidate genes that functionally intersect with potential risk genes from GWAS with the latter undergoing as well epigenetic changes that are largely independent of the respective tag SNP association. Collectively, epigenomic and genetic risk factors seem to converge independently of each other on neuropathology in AD.
While the impact of epigenomics on mental health and disease is increasingly recognized, this field still faces a number of challenges due to postmortem tissue heterogeneity, temporal and spatial effects of epigenomic changes, and eventually functional causality. Crucially, differences in DNA methylation in case-control studies can reflect changes in the prevalence of different cell types following from immune activation during the disease process rather than the impact of the disease on cells of primary interest. As a corrective, statistical deconvolution techniques can improve DNA methylation analysis from mixed cell samples [82, 83] .
Pertinent to an improved understanding of AD neuropathology and eventual therapy, the role of epigenomic changes for molecular and cellular brain functions needs to be further analyzed. AD-associated epigenomic changes are modest and effects on gene transcription have been either dismissed or studied for few candidate genes so far. In this respect the current use of homogenized bulk tissues is a confounding factor due to the generation of averages across large numbers of cells that are likely to dilute cell-type-specific signals from complex brain tissues and biologically relevant variability at the level of single cells. This concern relates to changes in either DNA methylation or mRNA levels. Implementation of innovative single-cell assays covering genome, epigenome, and transcriptional analysis [84, 85] may refine detection of cell type-specific changes. Of further note, subtle changes in AD-associated CpGs could also influence cell type-specific alternative RNA splicing [86] that is thought to represent a primary link between genetic variation and disease [87] . Finally, even if a DMR does not impact transcription and gene expression, it may have some other yet unknown effect or serve as a marker of the exposures (for example maintaining a memory of exposure over lifetime) or outcome (for examples, biomarker of disease) of interest.
Epigenomic changes in AD are enriched in regulatory noncoding domains at which canonical and non-canonical CpG methylation could coexist, with each having distinct functions. Such domains are underrepresented by present array systems, which are gene biased and do not account for non-canonical CpG methylation. The latter modification could couple as well to environmental exposures and life experiences that act as risk factors in AD. For example, the neuronal activity-dependent transcriptional regulator methyl-CpG-binding protein (MeCP2) [88, 89] has been recently shown to recognize mCH and to confer transcriptional repression [90] . Intriguingly, MeCP2's role may extend well beyond early development [91] and mediate between different environmental exposures and the epigenome [92] .
In turn, dynamic changes in gene expression and DNA methylation are thought to decode neuronal activity [22] and thus contribute to the regulation of protein synthesis and synaptic connectivity with a role in learning-induced neuronal activity [93] . AD-associated changes in DNA methylation could weaken the ability of neurons to respond to later stimuli and compromise neuronal plasticity. Moreover, sustained changes in DNA methylation without changes in gene expression could preset gene expression potential following further neuronal activation [94] . This kind of latent responsivity may offer a plausible explanation for the low correlation between AD-associated methylation changes and resting gene expression levels in current EWAS.
Conceptually, EWAS map differences in genome-wide DNA methylation levels between control and diseased individuals but do not per se identify causal variants; a limitation shared with classical GWAS. Any changes associated with a concrete disease phenotype can be either through direct cause or, in the case of epigenetic changes, a direct consequence. In this regard, retrospective studies cannot determine whether the identified epigenetic variants are due to disease-associated genetic differences, post-disease processes or disease-related drug intervention. Likewise, temporality can shed light on, but does not resolve the puzzle of "driver or passenger" for AD-associated epigenomic changes. Indicative of a potential role in the onset of AD, CpG associations to pathology colocalized with genetic susceptibility and occurred prior to disease manifestation in cognitively non-impaired subjects. Still, this does not answer whether the observed changes are causal to or simply a consequence of AD.
Establishing function and causation in EWAS will require human neuronal models in which site-specific introduction of epigenetic marks at AD-associated DMRs confer (de-) silencing of candidate genes in combination with a functional disease-relevant readout. Induced pluripotent stem cells (iPSC) [95] from AD patients and controls provide an opportunity to identify and explore epigenomic changes driven by different genetic make-ups. iPSCs can be differentiated into various cell types [96] and types of organoids (i.e., 3D cultures) resembling early developmental brain structures [97, 98] . It is important to note that gene expression profiles from differentiating iPSCs closely match embryonic human tissue, especially from the first human trimester, and present a potential barrier to the study of late onset diseases [99] although some aspects of AD and Parkinson disease have been successfully modeled in these systems [100] . Moreover, data obtained from 2D versus 3D organoid culture systems show that mimicking normal tissue architecture does not critically advance differentiation [101, 102] . These limitations have motivated the development of strategies for directing cellular age in vitro. Some studies rely on the induction of age-like features in iPSCs using various stress paradigms such as exposure to toxins, including compounds that trigger mitochondrial stress or reactive oxygen production [103] [104] [105] [106] [107] [108] . These approaches raise the question whether the applied treatments faithfully mimic age-related disease susceptibility. Alternatively, expression of progerin, a truncated form of lamin A associated with premature aging, has been reported to induce multiple aging-related markers and characteristics in iPSCs, including dopamine-specific phenotypes such as neuromelanin accumulation [109] .
As a promising alternative to iPSCs, directly converted induced neurons (iNs) have been recently shown to retain donor age-dependent transcriptome signatures [110, 111] . In this approach, donor fibroblasts (or other somatic cells) are directly converted into neurons by the expression of reprogramming factors without undergoing any cell division that might dilute or induce repair of macromolecular damage. Thus, aging phenotypes present in cultured primary fibroblasts are translated to a neuronal context that can consist of different neuronal subtypes comprising glutamatergic, Gamma-aminobutyric acid-positive neurons [111] or striatal medium spiny neurons [110] . Importantly, Mertens et al. found that less than 4% of the iN aging genes are shared with corresponding fibroblast aging genes, whereas 7-fold more are shared with postmortem human cortex, suggesting that iNs can recapitulate aging transcriptome signatures pertinent to the aging brain. This enrichment included genes contributing to learning and memory, AD, intracellular transport, and other categories. Similar findings were made by Huh et al., who showed that genes differentially expressed with age in reprogrammed neurons were enriched in age-related biological processes including vesicle-mediated transport, NF-kappaB transcription, nervous system development, apoptosis, and inflammation [110] . Further, biological age can be accurately scored by the analysis of age-linked DNA-methylation markers known as the epigenetic clock, that faithfully estimates cellular age across human organs, tissues, and cell types [112] . Interestingly, the epigenetic clock was unperturbed in iNs when compared to the corresponding aged fibroblasts or age-matched postmortem cortices, thus strengthening the hypothesis that age is maintained during direct neuronal conversion [110] . This finding is in sharp contrast to iPSCs, where the epigenetic clock is reset to an embryonic state with a DNA methylation age that is negative or close to zero [112] .
Taking all these approaches into account, recent improvements open up the perspective that iPSC-and iN-derived models of cellular aging can substantially advance insight into the impact and interplay of genetic risk factors and age-associated epigenomic changes in AD.
Until lately, investigation of the functional significance of AD-associated DMRs in iPSC-or iN-derived cellular models has been a challenge due to the lack of appropriate molecular tools that enable efficient editing of DNA methylation in a targeted manner. In this respect, hybridization of the key enzymes in the DNA methylation pathway with reprogrammable sequence-specific DNA-targeting molecular machinery has been recently shown to provide efficient editing of DNA methylation in a site-specific manner [113] [114] [115] [116] . Specifically, fusion of Tet1 or Dnmt3a with a catalytically inactive Cas9 (CRISPR-associated) allowed to establish in vitro and in vivo a causal relationship between (de-) methylation and (de-) silencing of a target gene [114] .
Moving beyond mechanistic and functional insight into AD-associated epigenomic changes in induced aged iPSCs/iNs, future strategies may aim for systematic genome-wide editing of DNA methylation to trigger iPSC/iN aging smoothly and/or disease specifically. In proof of concept, genome-wide gene editing in the turquoise killfish has been recently suggested as comprehensive genotype-phenotype platform for the rapid exploration of ageing and disease in this short-lived vertebrate species [117] . Likewise, targeted manipulation of epigenetic marks on a genome-wide scale recapitulating AD-associated epigenomic changes may be an important tool to establish age-related cellular phenotypes in different genetic backgrounds. If this is the case, the role of epigenomic changes as a driver or passenger in AD neuropathology is anticipated to be revisited soon.
